A s our therapeutic acumen in the treatment of neoplastic diseases increases, there has been an inadvertent effect resulting in a growing number of patients living in the context of both primary and metastatic disease. A large fraction of patients with a malignant neoplasm may face metastasis to the spine alone, manifesting in over 150,000 new diagnoses of spinal metastases and primary spine tumors annually. 2, 3, 7, 11, 12 Aggressive interventions in patients with active oncological processes are often associated with high risk, and for this reason stereotactic radiosurgery (SRS) has been increasingly used for the treatment of both metastatic and primary spinal tumors. Although SRS results in many good clinical outcomes, inevitably there are cases of tumor progression and worsening symptoms. This study was performed to analyze the histopathological findings in a series of spine tumors treated with SRS that subsequently required surgical management, which provided tissue for analysis.
for the treatment of spinal neoplasms at our institution. Of these 129 patients, 18 subsequently received surgical treatment related to these lesions at the same institution. In all 18 cases, the surgery was performed by the senior author. All 129 patients received SRS via an Elekta Synergy S 6-MV linear accelerator with a beam modulator and cone beam CT imaging guidance combined with a HexaPOD couch. The patients who required open surgical treatment after SRS had developed compression fractures, instability, or symptoms of cord or cauda equina compression such as radiculopathy or myelopathy. Pathological samples were sent routinely in each case for permanent fixation in 10% neutral buffered formaldehyde and paraffin and were stained in hematoxylin and eosin (H & E) before examination. Visibly viable tumor samples were stained for Ki 67 to assess for proliferative activity. All sampling occurred in regions previously exposed to SRS.
results
The mean patient age of our 18-patient cohort was 57 years. Fifteen patients treated had diagnoses of metastatic disease, and 3 patients were treated for benign neurofibromas. Among the patients with metastatic disease, the operative indication was spinal cord or cauda equina compression in 10 (67%). The remaining 5 patients (34%) required surgical management via open instrumentation or percutaneous cement augmentation due to symptomatic fractures or instability. Magnetic resonance imaging findings consistent with tumor progression were seen in 10 patients (67%). The most common histological tumor types represented by the metastatic lesions were breast cancer (4), renal cell carcinoma (3), prostate cancer (2), and endometrial cancer (2) .
The metastatic lesions had a mean treatment volume of 42.6 cm 3 with a mean maximum dose of 18 Gy; the mean maximum point dose delivered was 20 Gy. The patients with neurofibromas received a mean maximum dose of 18.6 Gy with a mean treatment volume of 6.2 cm 3 .
histopathological Findings
On review of the histopathology of the 15 cases of spinal metastases, 9 cases (60%) had minimal evidence of inflammation, 3 cases (20%) had mild inflammation, and 1 case (7%) had moderate inflammation. Frank regions of proliferative malignancy were uncommon, but some viable tumor was seen in 9 cases at the margins of radiotherapy (60%) (Fig. 1 ) compared with the more frequent finding of radiation-induced soft tissue necrosis, osteonecrosis, sclerosis, and inflammation with interspersed regions of atypical cell clusters (Fig. 2) . Necrosis within the tumor bed was seen in 9 cases (60%). Necrosis and fibrosis of the soft tissues tended to be extensive and included paravertebral, muscular, and adipose tissues sampled (Fig. 3) . Fibrotic bone marrow was seen in 9 cases (60%). Regions of typical cells were subjected to immunohistochemical staining for high-and low-molecular weight cytokeratins, with positive results being consistent with abnormal carcinomatous replication in regions that typically are replication dormant (Fig. 4) . 5 Isolated vascular ectasia alone was rarely seen (evident in 2 of 15 cases), but sclerosis and ectasia were seen frequently in tandem (Fig. 5 ). This is in contrast to the brain, where the finding of ectatic vessels after radiation is well documented. 6, 9, 10 On review of the histopathology of the 3 cases of neurofibromas, no case had signs of malignant conversion. The majority of the histological slides demonstrated large central areas of sclerosis with bands of acellular material. One (33%) of the 3 cases had sparsely cellular regions within the central necrosis and remnant myelinated axons (Figs. 6 and 7) . In all 3 cases, the regions at the periphery of the SRS target zone demonstrated normal characteristics of neurofibromas. Overall, the histological characteristics were consistent with standard neurofibroma findings except in the 1 case represented in Figs. 6 and 7.
discussion
The primary concern for patients presenting with new neurological symptoms in the context of a known spinal lesion treated by SRS is tumor progression despite radiotherapy. In our study, we found that evidence of large-scale active tumor was far less frequent than postradiation in- jury to abnormal and normal tissue alike. Inflammation was seen in all but 2 metastatic lesions, and injury to bony structures was prevalent. Spinal fracture secondary to SRS occurs in up to 40% of cases based on dosing.
1,4,8 While 9 cases did show at least some active tumor, the regions of highest density were near the margins of the target region of radiation, suggesting that higher radiation doses near the periphery would have been equally tumoricidal, which is argued by the dense necrosis seen in the tumor bed of samples. Ectasia was seen in 2 metastatic cases and was felt to be as a result of radiation effect on intrinsic vasculature based on anatomical considerations.
The lack of more prevalent neovasculature may be due to the overwhelming intracellular injury within the nidus of radiation, as evidenced by the dense regions of necrosis seen. We speculate that the vascular changes demonstrated may be more reparative than vasculopathic. The paucity of malignant cells may also not be sufficient to generate angiogenesis on an appreciable level. Fibrosis within the bone marrow was frequently seen. High doses of radiation have been presumed to be causative with such findings, but the lack of changes in some specimens suggests that hypofractionated radiation therapy may allow for some preservation of marrow within the radiation zone.
The 3 cases of neurofibromas were notable for the absence of evidence of malignant conversion after SRS. This provides support for both the effectiveness of the appropri- 
conclusions
This case series demonstrates important histopathological characteristics of spinal lesions treated by SRS. Regions with the highest exposure to radiation appear to be densely necrotic and show little evidence of tumor growth, whereas peripheral regions distant from the radiation dosage are more likely to demonstrate viable tumor in malignant and benign neoplasms. Physiological tissue appears to be similarly affected. With additional investigation, a more homogenized field of hypofractionated radiation exposure may allow for tumor obliteration with relative preservation of critical anatomical structures.
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